expressed as a percentage of the predicted value tended to decrease with increasing cumulative dust exposure. In foundry workers, proportions of workers with low MMF, FEF 50 and FEF 75 were noticeably higher than those for other indices, and were significantly increased with increasing cumulative dust exposure. With the above considerations in mind, it suggested that increasing exposure to silica dust be associated with progressive deterioration in ventilatory function of an obstructive nature and that MMF, FEF 50 and FEF 75 be sensitive indices in the detection of early obstructive changes in air flow of workers exposed to silica dust.
Pneumoconiosis is a disease that brings about pathological change in pulmonary tissue due to respirable dust and was discovered in almost all of the mine workers in Korea, but this disease was pointed out recently as a social problem, not only being discovered in various manufacturing workers who are exposed to dust but also in the general public living around workplaces producing dust.
Health risk factors in foundry work are metal dust, metal fumes, various products produced during combustion and heat decomposition, chemical products relating to resin compounds and physical factors such as noise, vibration and high temperature. Out of these factors, the most problematic factor for foundry workers is dust containing quartz, leading to silicosis. Lung cancer has increased in foundry workers, but there is much debate concerning the relationship between exposure to silica and lung cancer 1) . In manufacturing workers who are exposed to silica, the number of workers who are being admitted to hospital due to complications of silicosis is on the rise, and especially at the time of exposure to high concentrations and silicosis is shown to occur and progress fast even in young workers who are in their 20s and 30s exposed to silica within a 5 year period 2) . According to data from the Ministry of Labor 3) , the number of workplaces in the casting of metals with more than 5 workers and the number of workers were 298 workplaces and 9235 workers, respectively, accounting for 0.43% of all manufacturing workplaces and 1.71% of the total number of manufacturing workers, but foundry work maybe involved in the manufacture of basic precious and non-ferrous metals, the manufacture of other fabricated metal products and metal working service activities, resulting in more foundry workers than expected.
In Korea much research has been conducted with such items as coal dust 4, 5) , textile dust 6) , asbestos dust 7) and wood dust 8, 9) affecting ventilatory function, but among all the dusts used in industries, not many studies were done on silica dust that is known to cause fibrosis of pulmonary tissue and to have a highly potent effect on ventilatory function.
In order to determine the degree of exposure to silica in foundry workers in Korea where work environments and conditions are different from abroad and to determine the effects of silica dust on ventilatory function, we measured the level of respiratory silica dust in foundry workplaces, analyzed the silica content, and measured the forced expiratory spirogram and maximal expiratory flow-volume in workers to determine the degree of pulmonary dysfunction according to the amount of accumulated exposed dust.
Subjects and Methods

Subjects
The subjects of this study were 209 male workers exposed to silica dust from 8 foundry workplaces with more than 50 but less than 300 workers in the Inchon area as the exposed group, and 239 office workers who were not exposed to silica dust as the control group. In both the exposed and control groups, through past disease history and present symptoms at the time of a health check-up, the subjects who had a history of pulmonary tuberculosis, chronic bronchitis, emphysema or bronchial asthma were excluded from this study.
There were no significant differences between the subjects in the control and exposure groups. The average age of the subjects was 42.7 ± 10.1 yr in the control group and 44.1 ± 10.4 yr in the exposed group. The average duration of work in the exposed group was 14.1 yr (Table  1) .
Methods
Pulmonary function test
As a ventilatory function test, the forced expiratory spirogram and maximal expiratory flow-volume curve were simultaneously measured more than 3 times with a Vitalograph-compact C type (Vitalograph Co., England) while the subject was in the standing position, and the best curve was chosen and analyzed.
The lung function test was performed according to recommendations and cautions by the American Thoracic Society 10) , Benjamin 11) and Zamel 12) during the forced vital capacity maneuver.
As for the items in the ventilatory index, forced vital capacity (FVC), one-second forced expiratory volume (FEV 1 ), one-second ratio of FEV 1 /FVC, (FEV 1 %) and maximal mid-expiratory flow (MMF) were obtained from the forced expiratory spirogram, and peak expiratory flow rate (PEFR) and maximal expiratory flows at 25, 50 and 75 percent of expired FVC (FEF 25 , FEF 50 , FEF 75 ) were calculated from the maximal expiratory flow-volume curve.
All the pulmonary volumes and the expiratory flows were corrected to BTPS (body temperature and pressure, saturated with water) factor, and expressed as a percentage of the predicted normal (% pred). The predicted normal values were calculated by the equations of Knudson et al. 13) for the indices of maximal expiratory flow-volume curve, FVC, FEV 1 and MMF and that of Morris et al. 14) for FEV 1 %.
2. Measurement of respirable dust and analysis of quartz content Respirable dust was collected in a 37 mm diameter, 5 µm pore size membrane filter in a 10 mm Dorr-Oliver nylone cyclone (NIOSH method 0500) 15) and personal air sampler (SKC, Model 224-52, USA) after adjusting the flow rate to 1.7 liter per minute with a bubble calibrator (Gillian, Model 713, USA). The collected respirable dust was weighed more than 3 times to get the mean values with an electrobalance that can weigh to 0.01 mg. The quartz content was quantitatively analyzed with a Fourie Transform Infrared Spectroscopy (Bio-Rad, SPC 3200, USA). The cumulative dust exposure was calculated by multiplying quartz content by exposure duration.
3. Statistical analysis With SAS 6.11 edition, the normal distribution of respirable dust was determined with the Wilk-Shapiro test, the comparison of the quartz concentrations in each 
Results
Concentration of respirable dust and quartz contents
The concentration of respirable dust obtained from individual samples showed log-normal distribution (P>0.05). The geometric mean of the quartz concentration was the highest in melting with 0.079 mg/ m 3 and followed by 0.051 mg/m 3 in molding, 0.041 mg/ m 3 in finishing and 0.023 mg/m 3 in coremaking in descending order ( Table 2 ). The maximal concentrations in each worksite in melting, finishing and coremaking were higher than the occupational exposure limit of respirable quartz dust (0.1 mg/m 
Pulmonary function
The mean values for various ventilatory indices expressed as a percentage of the predicted value for the control and exposed groups showed no statistically significant differences between the smoking group and the non-smoking group, but in the exposed group, all of the indices except FVC tended to be lower in the smoking group than in the non-smoking group (Table 3) .
The mean ventilatory indices expressed as a measured value and a percentage of the predicted value are shown in Table 4 . All of the ventilatory indices except FVC were significantly lower in the exposed group than in the control group (P<0.05). level.
The number of workers with substandard ventilatory indices by the cumulative dust exposure level is shown in Table 6 . In the control group, the proportions of workers with substandard ventilatory indices were 5.4% in FEF 75 , 4.2% in FEF 50 , 1.7% in FVC and 0.4% in FEV 1 . In the exposed group, these proportions of MMF, FEF 50 and FEF 75 were much higher than those for the other indices, accounting for 37.8%, 51.7% and 51.2%, respectively. These proportions of FEV 1 % and FEF 25 tended to increase and those of MMF, FEF 50 and FEF 75 were significantly increased as the cumulative dust exposure levels were increased.
Discussion
Free silica can generally be divided into noncrystalline, crystalline and silicate, and the usual forms of crystalline are quarts, crystobalite and tridymite 16) . It is important to identify the composition and structure of silica dust, not only to measure the number, size and weight of the dust, because the health risks, especially the type of pneumoconiosis, differs according to its composition, and the percentage content of silica is an important factor in causing silicosis. This study therefore used the concentration of quarts in respirable dust as the index of exposure.
In this study the geometric mean of the quarts concentration according to each process was the highest in melting with 0.079 mg/ Of the methods for choosing the normal limits of pulmonary function indices, a typical method is to take some fixed percentage of the predicted normal value, usually 80 percent, as the lower limit of normal. Another method, statistically more legitimate, is the mean ± 2 standard deviation (SD) or the predicted ± 2 standard error of estimate (SEE), which will encompass 95 percent of the normal group. Nevertheless, in pulmonary function testing, where generally only one end of distribution (the lower end of measurement) is considered abnormal, only 2.5 percent of the normal group is excluded because those with a performance above normal are not excluded from the normal range. Therefore, when a one-sided lower limit for 95 percent of the normal group was chosen as the criterion, the value of 1.645 SEE would identify 5 percent of the normal group as being abnormally low. For this reason, the predicted-1.645 SEE was taken as the lower limit of normal for various indices except FVC, FEV 1 and FEV 1 % in this study. The lower limit of normal was 58.1% of the predicted MMF, 61.4% of the predicted PEFR, and 59.5%, 61.1% and 42.2% of the predicted FEF 75 , FEF 50 and FEF 25 13) , but 80% of the predicted FVC and FEV 1 and 70% of actual value for FEV 1 % were taken as the lower limit of normal recommended by the Korean Ministry of Labor 19) and WHO 20) . The results of chest X-ray analysis of 209 foundry workers found 2 cases (1.0%) of silicosis. Those workers who were diagnosed with silicosis showed 1/0 profusion on regular opacity with q type, and the exposure periods were 13 and 10 yr.
With regard to explanations of the effect of smoking on lung function in workers exposed to dust, Marine et al. 21) reported that in coal miners smoking did not relate to the decrease in lung function or bronchitis symptoms, and Holman et al. 22) reported that smoking had little effect of silica dust exposure on lung function impairments. The results of this study supported this finding, in that no significant differences for all ventilatory indices expressed as a percentage of the predicted value were demonstrated between smokers and non-smoker in both groups, but it is generally known that smoking leads to the obstructive ventilatory impairment due to bronchoconstriction [23] [24] [25] . Hnizdo et al. 26) reported that there might be a synergistic effect between smoking and exposure to silica dust in leading to the obstructive changes in airways due to dust. The correlation between smoking and exposure to silica dust on decreasing lung function will therefore need to be studied further.
In this study, the means of the measured value and a percentage of the predicted value for all ventilatory indices except FVC were significantly lower in the exposure group than in the control group. Since there were no significant differences between the two groups according to age, height, weight and smoking duration, this finding might be attributed to silica dust exposure. It suggested that silica dust be associated mainly with reduced ventilatory capacity, especially obstructive changes in both the small and large airways.
The experimental studies by Wright et al. 27) and Churg et al. 28) reported functional changes in airway obstruction as well as emphysema and thickening of small airway walls when rats were exposed to crystalline silica dust. Malmberg et al. 29) compared pulmonary function in 45 granite crushers and 45 referents, age and smoking matched, by from 1976 to 1988, and reported that during the 12 yr interval the granite crushers had a greater decrease in FEV 1 ( 4.6%), FEV 1 % ( 5.4%), and FEF 50 ( 14%) and a larger increase in phase III and static compliance. These functional changes suggested obstructive changes in airways and increased compliance. Neukirch et al. 30) reported that lung function measurements, even after adjusting for age, weight and smoking habits, were significantly lower in the silica dust exposure group than in the control group, and that this was observed in both small and large airways.
In the study by Hnizdo et al. 26) on 2209 gold miners and 483 non-miners in South Africa, VC, FEV 1 , FEV 1 % and MMF tended to be decreased according to increasing cumulative dust exposure, and among these measurements, the level of MMF decreased the most. The study by Chia et al. 31) , on workers exposed to silica dust without silicotic findings by radiology and large airway obstruction, reported that the obstruction of small airways was observed and this obstruction was increased with increasing exposure to dust. This study presented the same findings, in that the mean values of FEV 1 %, MMF, FEF 25 , FEF 50 and FEF 75 expressed as percentages of the predicted values tended to decrease with the increasing cumulative dust exposure level, and the number of workers with substandard FEV 1 %, PEFR and FEF 25 tended to increase and those with substandard MMF, FEF 50 and FEF 75 were significantly increased as the cumulative dust exposure levels were increased. This finding suggested that cumulative dust exposure be related to obstructive ventilatory impairment.
During the forced vital capacity maneuver, the initial 25-30 percent of the expired volume is potentially limited by the muscular effort of the subjects, whereas the latter two-thirds of the expired is much less dependent on the subjects' effort and is mainly limited by the mechanical properties of the lungs. It is known that the former is effort dependent and the latter is effort independent [32] [33] [34] . The final 10-15 percent may also be effort dependent in normal subjects, especially under the age of 40 yr 35) . Lung volumes below about two-thirds of maximal expiration are limited mainly by the physical factors of lower airways and lung parenchyma.
The expiratory flows are typically limited by the progression of airway obstruction. Flow limitation in large airways would reduce expiratory flow rates at all lung volumes, whereas flow limitation in medium-sized and small airways would reduce flow rates at mid and low lung volumes 36) . Therefore, the quantification of flow and volume events over the volume range corresponding to the effort independent part will be most useful in differentiating abnormal values from normal.
Many studies reported that MMF was more sensitive index for the evaluation of the extent of airway obstruction and of respiratory impairment in pulmonary disease 37, 38) , and FEF 50 and FEF 75 were also sensitive indices for evaluating respiratory impairment in coal workers' pneumoconiosis 39, 40) . The American Medical Association 41) stated that the correlation between work status and FEV 1 value was usually good, and most patients with FEV 1 less than one liter were not working, and Poirier 42) noted that FEV 1 was useful in screening for obstructive ventilatory impairment.
The results in this study supported these findings, in that the proportions of workers with substandard MMF, FEF 50 and FEF 75 were noticeably higher than those with the other substandard ventilatory indices. Therefore, silica exposure might be related to obstructive ventilatory impairment and the MMF, FEF 50 and FEF 75 indices might be useful and more sensitive parameters in screening and detecting the obstructive ventilatory impairment of workers exposed to silica dust.
The limitations of the present study were, first since the study was conducted on 209 workers who were being exposed to silica dust at 8 workplaces in the Inchon area, selection bias maybe have been present in the study because it was not able to represent all foundry workers. Second, since past exposure to silica dust was not considered but the cumulative dust exposure level was presumed from the present exposed level, there is a limitation in obtaining an accurate cumulative evaluation. Third, although a few studies were conducted on the predictive value of the ventilatory index in Korea [43] [44] [45] [46] [47] , the results of these studies cannot be generalized, and applied to other studies since the number of people exposed to silica dust in Korea is limited so that the present study has the limitation of using predictive values for Westerners.
